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Recent discussions in the literature have questioned the ability of electromagnetic exposure to inhibit
ice crystal formation in supercooled water. Here we note that strong electric fields are able to disrupt
the surface boundary layer of inert air on the surface of materials, promoting higher rates of heat
transport. We also note that most biological tissues contain ferromagnetic materials, both biologically
precipitated magnetite (Fe3O4) as well as environmental contaminants that get accidentally incorpo-
rated into living systems. Although present at trace levels, the number density of these particulates
is high, and they have extraordinarily strong interactions with weak, low-frequency magnetic fields
of the sort involved in claims of electromagnetic cryopreservation. Magnetically-induced mechanical
oscillation of these particles provides a plausible mechanism for the disruption of ice-crystal nucleation
in supercooled water.
 2013 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).Ice expands 10% upon freezing when it crystallizes, which
can destroy cell membranes by the simple expansion effect, cou-
pled with the damaging effect of sharp edges from growing ice
crystallites. This can be avoided by supercooling the water,
chilling it to a glassy state that does not go through the expansion
process, and/or limiting the size of the ice crystals that do form.
During the last 10 years the ABI Corporation (Chiba, Japan) has
marketed a ‘‘Cells Alive System’’, CAS, which claims to have im-
proved the ability of much larger volumes of animal and vegetable
matter to be frozen with minimal damage to cellular ultrastruc-
ture from ice crystal growth. The programmable CAS freezers
expose samples to low-frequency oscillating electric and magnetic
fields while controlling the supercooling of the materials in the
critical 0 C to 20 C temperature interval by blowing refriger-
ated air on the samples [18,34,35]. Published analyses suggest this
technology can aid in the freezing and shipping of delicate fruits
and vegetables, in the enhanced cryopreservation of human
transplant tissues like teeth [1,28] and embryonic stem cells
[29], and even promotes whole-organism survival of frozen small
animals like drosophila [33].Biophysical theory
Papers and patents published by the ABI group [17,18,34,35]
postulate mechanisms of action that do not agree with basic bio-
physics. In particular, the oscillating electric and magnetic fields
are supposed to ‘wiggle’ water molecules directly to inhibit the
nucleation of ice crystals in the supercooled state, as well as to pro-
mote rapid and isothermal cooling of the sample interiors.
Wowk [44] pointed out in a recent critique that water molecules
are diamagnetic, and will not produce any effect above thermal
noise when exposed to the weak oscillating magnetic fields
(<10 Gauss or 1 mT) used in the CAS freezers. He also notes that
electric fields are known to either inhibit or enhance ice crystal
formation slightly, depending upon the conditions used, but not at
the levels claimed for these devices. In a direct test of the magnetic
aspect of the CAS freezers, Suzuki et al. [38] also report that the
oscillating magnetic field treatments alone did not alter the cooling
time curves for test samples of radish or sweet potatoes, and had no
visible effect on cellular microstructures of the tissues they
examined.
We would like to point out that two themes of our previous re-
search (electrostatic effects on heat transport, and biologically-precip-
itated ferromagnetic materials) happen to have a direct bearing on
possible solutions to the biophysical puzzle as to why this freezing
technology might work.
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In the first of these [26], we studied the effect of electrostatic
fields on the rate of drying of wet materials. It is well known from
the study of transport phenomena that a thin layer of relatively in-
ert air exists at the surface of most materials where the relative
velocity of gas flow asymptotically drops to zero. These surface
boundary layers both interfere with the diffusion of gases out of
the material and limit the rate of convective heat transfer into it
(e.g., [3,6,7]). It is also known that an electric or ‘‘corona’’ wind is
generated on the surface of electrically charged objects as a result
of ions leaving the surface, and this wind can cause a marked in-
crease in heat conduction at a surface by disrupting the stagnant
surface boundary layer [2,4,8,27,31,37]. This electrostatic effect
per ion is several orders of magnitude above thermal noise. In
our previous study, we found that electrostatic fields comparable
to those used in CAS freezers were able to disrupt the inert surface
boundary layer of air molecules, and dramatically shorten drying
times [26]. We therefore argue here that the high-voltage electro-
static fields applied in the CAS freezers are increasing the cooling
efficiency by disrupting the surface boundary layer of inert gas at
the surface of their materials. The cooling enhancements shown
by Owada et al. [34] are, in fact, similar in style to that we reported
previously [26]. Hence, either DC or AC high-voltage electric fields
would be expected to promote rapid heat removal needed for
supercooling.Biologically-precipitated ferromagnetic materials
An intrinsically more interesting question concerns the possible
mechanism of action of the weak, oscillating magnetic fields on
cryopreservation. There are only four possible physical coupling
mechanisms that can yield interaction effects of oscillating mag-
netic fields with matter (electrical induction, diamagnetism, para-
magnetism, and ferromagnetism). However, for low-frequency
fields weaker than a few hundred uT, all except ferromagnetism
do not work, with peak interaction energies well below the ther-
mal noise limit. We are in complete agreement with Wowk [44]
on this. However, particles of ferromagnetic materials can interact
hundreds to thousands of times stronger with earth-strength
magnetic fields than the background thermal energy (see
discussion by Kirschvink [19]). Owada et al. [34,35] and Wowk
[44] did not consider the well-known presence of ferromagnetic
materials, principally biologically-precipitated magnetite (Fe3O4),
in a wide range of biological tissues (see [13,20,30,39–41,43], for
example). These observations have been replicated widely (e.g.,
[5,9,11,14–16,36]). Brain tissues in humans have been studied
extensively [5,9–11,16,21,22,36], and magnetite deposits in
specialized cells are extensive [24,25]. On occasion, other ferro-
magnetic materials of inorganic origin, which are also ubiquitously
present in the environment [23], can even work their way into
biological tissues [42]. Typical animal tissues have background
concentrations of ferromagnetic materials in the 1–1000 ng/g
range, with average levels of 4 ng/g.
A recent high-resolution study of magnetoreceptor cells con-
taining biological magnetite in fish by Eder et al. [12] demon-
strated that the individual cells are surprisingly magnetic (up to
100 fAm2), with magnetite concentrations often 100 times greater
than typical cells of magnetotactic bacteria. These cells have inter-
action energies of up to 1500 times larger than the background
thermal noise (kT, where k is the Boltzmann constant and T the
absolute temperature) in the geomagnetic field, which would be
on the order of 4500 times larger than kT in the typical magnetic
fields (0.15 mT) used in the CAS freezers [18]. In our work on hu-
man tissues [21], we reported the presence of 4 ng/g of magnetitein the cortex and cerebellum (with a factor of 10 larger in the
meninges), values similar to that measured with superconducting
magnetometry in a variety of other animal tissues [20]. With these
measured Vertebrate cell concentrations, this yields minimum
estimates of nearly 100,000 of these magnetic clusters per gram
of typical tissue. In turn, this implies that the average distance of
any cell within a magnetite-bearing tissue would on the order of
20 lm from a ferromagnetic cluster. Smaller particle sizes would
imply correspondingly more particles, and shorter distances, from
the nearest cluster.Discussion
It seems most likely that the electrostatic enhancement ob-
served during the CAS freezing process is a simple disruption of
the surface boundary effect of inert air, and a more efficient heat
transport process. The enhanced removal of heat from the tissues
may be one factor in producing the supercritical cooling observed.
In their attempt to test components of the CAS hypotheses, Suzuki
et al. [38] were able to refute claims that the magnetic treatment
was involved with heat transport. We concur with their analysis,
but suggest that the electric exposure, not the magnetic exposure,
is responsible for that aspect.
If the oscillation of sub-micron ferromagnetic particles distrib-
uted through tissues is involved in the reported action of CAS
freezers, then we see two possible mechanisms for this inhibition
of ice crystal nucleation. First, and most obvious, is the possibility
that these particles normally act as some of the nucleation sites for
the formation of ice crystals. Oscillations would then tend to inhi-
bit the aggregation of the few hundred water molecules involved in
the early crystal growth (e.g., [32]). This could certainly be tested
experimentally. Second, the low-frequency acoustic waves from
the oscillating particles will radiate outwards from the magne-
tite-containing cells. Unlike acoustic waves from outside the object
(which can trigger ice crystal nucleation), close to the oscillating
ferromagnetic particles the acoustic waves should dissipate rapidly
into the surrounding tissue, with spatially large gradients. These
gradients may act to disrupt the aggregates of water molecules
that organize into ice crystal nucleation structures [32] by differen-
tially shearing them apart. In either of these situations, the
mechanical coupling of the ferromagnetic clusters to the surround-
ing cytoplasm would be an important feature for transducing the
magnetic energy to the adjacent tissue.References
[1] S. Abedini, M. Kaku, T. Kawata, H. Koseki, S. Kojima, H. Sumi, M. Motokawa, T.
Fujita, J. Ohtani, N. Ohwada, K. Tanne, Effects of cryopreservation with a newly-
developed magnetic field programmed freezer on periodontal ligament cells
and pulp tissues, Cryobiology 62 (2011) 181–187.
[2] P.H.G. Allen, Electric stress and heat transfer, Br. J. Appl. Phys. 10 (1959) 347–
351.
[3] R.B. Bird, W.E. Stewart, E.N. Lightfoot, Transport Phenomena, John Wiley &
Sons, New York, 1960.
[4] E. Bonjour, J. Verdier, L. Weil, Electroconvection effects on heat transfer, Chem.
Eng. Prog. 58 (1962) 63–66.
[5] F. Brem, A.M. Hirt, M. Winklhofer, K. Frei, Y. Yonekawa, H.G. Wieser, J. Dobson,
Magnetic iron compounds in the human brain: a comparison of tumour and
hippocampal tissue, J. R. Soc. Interface 3 (2006) 833–841.
[6] S.P. Burke, Heat Transfer, in: U.P. Office (Ed.), Combustion Utilities Corporation,
New Yori, N.Y., United States of America, 1931, p. 6.
[7] H.Y. Choi, Electrohydrodynamic condensation heat transfer, J. Heat Transfer 90
(1968) 98–102.
[8] J.D. Cobine, Other electrostatic effects and applications, in: A.D. Moore (Ed.),
Electrostatics and Its Applications, Wiley, New York, 1973, pp. 441–455.
[9] J.F. Collingwood, R.K.K. Chong, T. Kasama, L. Cervera-Gontard, R.E. Dunin-
Borkowski, G. Perry, M. Posfai, S.L. Siedlak, E.T. Simpson, M.A. Smith, J. Dobson,
Three-dimensional tomographic imaging and characterization of iron
compounds within Alzheimer’s plaque core material, J. Alzheimers Dis. 14
(2008) 235–245.
A. Kobayashi, J.L. Kirschvink / Cryobiology 68 (2014) 163–165 165[10] J. Dobson, P. Grass, Magnetic properties of human hippocampal tissue –
evaluation of artefact and contamination sources, Brain Res. Bull. 39 (1996)
255–259.
[11] J.R. Dunn, M. Fuller, J. Zoeger, J. Dobson, F. Heller, J. Hammann, E. Caine, B.M.
Moskowitz, Magnetic material in the human hippocampus, Brain Res. Bull. 36
(1995) 149–153.
[12] S.H.K. Eder, H. Cadiou, A. Muhamad, P.A. McNaughton, J.L. Kirschvink, M.
Winklhofer, Magnetic characterization of isolated candidate vertebrate
magnetoreceptor cells, Proc. Natl. Acad. Sci. U.S.A. 109 (2012) 12022–12027.
[13] J.L. Gould, J.L. Kirschvink, K.S. Deffeyes, Bees have magnetic remanence,
Science 201 (1978) 1026–1028.
[14] P.P. GrassiSchultheiss, F. Heller, J. Dobson, Analysis of magnetic material in the
human heart, spleen and liver, Biometals 10 (1997) 351–355.
[15] D. Hautot, Q.A. Pankhurst, J. Dobson, Superconducting quantum interference
device measurements of dilute magnetic materials in biological samples, Rev.
Sci. Instrum. 76 (2005).
[16] D. Hautot, Q.A. Pankhurst, C.M. Morris, A. Curtis, J. Burn, J. Dobson, Preliminary
observation of elevated levels of nanocrystalline iron oxide in the basal ganglia
of neuroferritinopathy patients, Biochim. Biophys. Acta 1772 (2007) 21–25.
[17] M. Kaku, H. Kamada, T. Kawata, H. Koseki, S. Abedini, S. Kojima, M. Motokawa,
T. Fujita, J. Ohtani, N. Tsuka, Y. Matsuda, H. Sunagawa, R.A.M. Hernandes, N.
Ohwada, K. Tanne, Cryopreservation of periodontal ligament cells with
magnetic field for tooth banking, Cryobiology 61 (2010) 73–78.
[18] M. Kaku, T. Kawata, S. Abedini, H. Koseki, S. Kojima, H. Sumi, H. Shikata, M.
Motokawa, T. Fujita, J. Ohtani, N. Ohwada, M. Kurita, K. Tanne, Electric and
magnetic fields in cryopreservation: a response, Cryobiology 64 (2012) 304–
305.
[19] J.L. Kirschvink, Constraints on biological effects of weak extremely low-
frequency electromagnetic fields comment, Phys. Rev. A. 46 (1992) 2178–
2184.
[20] J.L. Kirschvink, D.S. Jones, B.J. McFadden, Magnetite Biomineralization and
Magnetoreception in Organisms: A New Biomagnetism, Plenum Press, New
York, N.Y., 1985.
[21] J.L. Kirschvink, A. Kobayashi, B.J. Woodford, Magnetite biomineralization in the
human brain, Proc. Natl. Acad. Sci. U.S.A. 89 (1992) 7683–7687.
[22] A. Kobayashi, J.L. Kirschvink, Magnetoreception and EMF effects: sensory
perception of the geomagnetic field in animals & humans, in: M. Blank (Ed.),
Electromagnetic Fields: Biological Interactions and Mechanisms, American
Chemical Society Books, Washington, DC, 1995, pp. 367–394.
[23] A. Kobayashi, J.L. Kirschvink, M.H. Nesson, Ferromagnets and EMFs, Nature 374
(1995). 123-123.
[24] A. Kobayashi, N. Yamamoto, J.L. Kirschvink, Studies of inorganic crystals in
biological tissue – magnetite in human tumor, J. Jap. Soc. Powder Powder
Metall. 44 (1997) 294–300.
[25] A. Kobayashi, N. Yamamoto, J.L. Kirschvink, Studies of inorganic crystals in
biological tissue – magnetite in the human body, J. Jap. Soc. Powder Powder
Metall. 43 (1996) 1354–1360.
[26] A. Kobayashi-Kirschvink, J.L. Kirschvink, Electrostatic enhancement of
industrial drying processes, Ind. Engin. Chem. Proc. Des. Dev. 25 (1986)
1027–1030.[27] R. Kronig, N. Schwarz, On the theory of heat transfer from a wire in an electric
field, Appl. Sci. Res. 1 (1947) 35–46.
[28] S.Y. Lee, G.W. Huang, J.N. Shiung, Y.H. Huang, J.H. Jeng, T.F. Kuo, J.C. Yang,
W.C.V. Yang, Magnetic cryopreservation for dental pulp stem cells, Cells
Tissues Organs 196 (2012) 23–33.
[29] P.Y. Lin, Y.C. Yang, S.H. Hung, S.Y. Lee, M.S. Lee, M. Chu, S.M. Hwang,
Cryopreservation of human embryonic stem cells by a programmed freezer
with an oscillating magnetic field, Cryobiology 66 (2013) 256–260.
[30] H.A. Lowenstam, Magnetite in denticle capping in recent chitons
(polyplacophora), Geol. Soc. Am. Bull. 73 (1962) 435–438.
[31] P.S. Lykoudis, C.P. Yu, The influence of electrostrictive forces in natural thermal
convection, Int. J. Heat Mass Transfer 6 (1963) 853–862.
[32] E.B. Moore, V. Molinero, Structural transformation in supercooled water
controls the crystallization rate of ice, Nature 479 (2011) 506–508.
[33] M. Naito, S. Hirai, M. Mihara, H. Terayama, N. Hatayama, S. Hayashi, M.
Matsushita, M. Itoh, Effect of a magnetic field on drosophila under supercooled
conditions, PLoS One 7 (2012).
[34] N. Owada, S. Kurita, Super-quick freezing method and apparatus therefor. In:
U.S.p. office, (Ed.), US 6,250,087 B1, ABI Limited, Chiba, Japan, United States of,
America, 2001
[35] N. Owada, S. Saito, Quick freezing apparatus and quick freezing method. in:
U.S.p. office, (Ed.), USP 7,810,340 B2, Owada, N., United States of, America,
2010, pp. 15.
[36] Q. Pankhurst, D. Hautot, N. Khan, J. Dobson, Increased levels of magnetic iron
compounds in Alzheimer’s disease, J. Alzheimer’s Dis. 13 (2008) 49–52.
[37] M. Robinson, Convective heat transfer at the surface of a corona electrode, Int.
J. Heat Mass Transfer 13 (1970) 263–274.
[38] T. Suzuki, Y. Takeuchi, K. Masuda, M. Watanabe, R. Shirakashi, Y. Fukuda, T.
Tsuruta, K. Yamamoto, N. Koga, N. Hiruma, J. Ichioka, K. TakaiI, Experimental
investigation of effectiveness of magnetic field on food freezing process, Trans.
Jap. Soc. Refrigerating Air Cond. Eng. 26 (2009) 371–386.
[39] C. Walcott, J.L. Gould, J.L. Kirschvink, Pigeons have magnets, Science 205
(1979) 1027–1029.
[40] M.M. Walker, J.L. Kirschvink, S.-B.R. Chang, A.E. Dizon, A candidate magnetic
sense organ in the Yellowfin Tuna Thunnus albacares, Science 224 (1984) 751–
753.
[41] M.M. Walker, J.L. Kirschvink, A.E. Dizon, Magnetoreception and magnetite
biomineralization in fish, in: J.L. Kirschvink, D.S. Jones, B. McFadden (Eds.),
Magnetite Biomineralization and Magnetoreception in Organisms: A New
Biomagnetism, Plenum Press, New York, N.Y., 1985, pp. 417–437.
[42] M.M. Walker, J.L. Kirschvink, A.S. Perry, A.E. Dizon, Methods and techniques for
the detection, extraction, and characterization of biogenic magnetite, in: J.L.
Kirschvink, D.S. Jones, B.J. McFadden (Eds.), Magnetite Biomineralization and
Magnetoreception in Organisms: A New Biomagnetism, Plenum Press, New
York, 1985, pp. 154–166.
[43] M.M. Walker, T.P. Quinn, J.L. Kirschvink, T. Groot, Production of single-domain
magnetite throughout life by sockeye salmon, Oncorhynchus nerka, J. Exptl.
Biol. 140 (1988) 51–63.
[44] B. Wowk, Electric and magnetic fields in cryopreservation, Cryobiology 64
(2012) 301–303.
